Image gating is related to image modalities that involve quasi-periodic moving organs. Therefore, during intravascular ultrasound (IVUS) examination, there is cardiac movement interference. In this paper, we aim to obtain IVUS gated images based on the images themselves. This would allow the reconstruction of 3D coronaries with temporal accuracy for any cardiac phase, which is an advantage over the ECG-gated acquisition that shows a single one. It is also important for retrospective studies, as in existing IVUS databases there are no additional reference signals (ECG). From the images, we calculated signals based on average intensity (AI), and, from consecutive frames, average intensity difference (AID), cross-correlation coefficient (CC) and mutual information (MI). The process includes a wavelet-based filter step and ascendant zero-cross detection in order to obtain the phase information. Firstly, we tested 90 simulated sequences with 1025 frames each. Our method was able to achieve more than 95.0% of true positives and less than 2.3% of false positives ratio, for all signals. Afterwards, we tested in a real examination, with 897 frames and ECG as gold-standard. We achieved 97.4% of true positives (CC and MI), and 2.5% of false positives. For future works, methodology should be tested in wider range of IVUS examinations.
INTRODUCTION
Currently, intravascular ultrasound (IVUS) is considered the method of choice to examine the coronary vessel wall. The IVUS procedure is performed using an ultrasound transducer located at the tip of a dedicated catheter, which is firstly positioned distally in the target vessel and then is pulled backwards with a motorized continuous pullback. The vessel is imaged as a sequence of cross-sectional slices from the distal to the proximal portions of the artery.
Due to heart movement during the cardiac cycle, the tip of the IVUS catheter (image acquisition reference) may move freely inside the vessel and assume different positions in a quasi-periodic way. Reference displacements might occur radially, laterally, rotationally and/or longitudinally during heart movement. Arbab-Zadeh [1] showed experiments that quantify the axial movement (1.50±0.80mm in a cardiac cycle). Therefore, during continuous IVUS imaging there is an interference of the cardiac movement and images are acquired out of spatial order, de Winter [2] . This fact is readily evident when observing the typical saw-tooth-like aspect of a longitudinal sequence of IVUS images. A method able to separate group of images acquired at the same point in the cardiac cycle would obviate the artifacts related to heart movement.
The aim of this work is to detect images in the same cardiac phase, based only on the image sequence information. It is important to notice that most of the existing examinations have no additional reference signal, as the electrocardiogram (ECG). We assumed that the heart movement is quasi-periodic, in the sense that the position of the catheter would return to the same place after a cardiac cycle if there was no pullback. Moreover, this method aims to find images in the same cardiac phase, not a specific systolic or diastolic one. Once it is possible, we might be able to retrieve other cardiac phases. Then, we think this method would make possible the 3D reconstruction of coronary vessels with temporal and spatial accuracy, allowing dynamic studies. 
MATERIALS AND METHODS

Materials
First of all, the methodology was tested in simulated images and, afterwards, it was also tested in a real IVUS examination, with ECG as gold-standard. The simulated images were produced using Matlab® R13. Those images correspond to cross-sectional images of the vessel and its parts (lumen, media/intima, elastic membrane and adventitia) as shown in Figure 2 . A normalized intracoronary pressure signal (based on Sales [3] experiments) was used as basis for artery compliance radial movement and catheter tip displacement movements. We tested different contrast for intima and lumen, speckle noise variance and patient's movement amplitude and heart frequency variability characteristics. Contrast between intima and lumen value is (I-L).2/(I+L), where I and L are the intensity of intima and lumen, respectively. And speckle noise is used as in matlab (imnoise) implementation. For each patient type described in table 1, we tested 5 different combinations of contrast and speckle noise and 6 initializations each (random on speckle noise and on the heart beat variability). Hence, we formed 15 configurations, totalizing 90 tests; with 1025 frames each, at a 30 frames/s acquisition rate and 480x480 pixel images. The real IVUS examination tested had 897 frames, at 30 frames/s rate. The IVUS equipment used was the Galaxy IVUS System from Boston Scientific. The cardiac phase detection was compared to the ECG recorded during the examination as gold-standard. 
Methods
This work aims to validate a proposed cardiac phase detection methodology and to compare four different signals originated from the IVUS sequence as input to it. This proposed methodology involves synchronization and comparison with cardiac reference. The synchronization consists of three steps: signal calculation from images, wavelet-based filter and cardiac phase detection, as in Figure 3 . The result of this process is checked by a validation process. It compares the phase detection from the signal with the ECG reference, considering alignment and metrics calculation steps, as shown in Figure 4 . The signals were calculated from the image sequence based on literature approaches to this problem. The signals calculated were Average Intensity (AI) and Average Intensity Difference (AID), according to Zhu [4] , Cross-Correlation Coefficient (CC) [2] and a new approach using Mutual Information (MI) [5] of consecutive images. In this work, we chose the whole circular area with ultrasound image as the region of interest (ROI). Inside the ROI, we calculated the four image-based signals.
The average intensity (AI) signal is calculated as the average intensity of each frame inside a ROI. The resultant signal shows the average intensity variation through the image sequence. It is expected that the AI signal shows the periodic cardiac motion as the lumen (dark region) changes its area along the cardiac cycle [4] .
where k defines the frame number in the sequence, a ij is the intensity of pixel (i,j) and n is the total number of pixels inside the ROI.
The average intensity difference (AID) signal is the average of the absolute value of intensity difference between consecutive frames.
The correlation coefficient (CC) signal shows the correlation between two consecutive frames as the following equation [2] .
where k defines the frame number in the sequence and a ij is the intensity of pixel (i,j).
The mutual information (MI) signal measures the level of information between consecutive frames [5] .
where H is the Shannon entropy of the frame A, Hc is the joint entropy between two consecutive frames and k defines the frame number in the sequence.
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In figure 5 below, examples of the morphology of the four different signals from a real IVUS and also the heart beat detected from the ECG reference signal. Then, we can understand the complexity of the signal and the difficulty to detect the quasi-periodic heart movement. In this problem we used a wavelet-based filter approach [6] . Wavelet transform allows us to have time and frequency information. The signal is filtered and down-sampled in a wavelet filter bank and the signal is divided into approximation and detail coefficients. Empirically, the wavelet used was daubechies4. The signal was decomposed in 3 levels of approximation and then 1 level of detail. The number of decomposition levels depends on the acquisition rate. The coefficients of detail in fourth level were then reconstructed in a signal, ignoring the other coefficients information.
After the filter step, the next step is the cardiac phase detection. We developed an algorithm that detects the ascendant zero-crossing points on the filtered signal. The algorithm uses the a priori information that there is only a new detection after 300ms (corresponding to a 200beats/min heart beats distance). Figure 6 shows the wavelet filter output of the four signals of figure 5 and the corresponding detected ascendant zero-crossing points and ECG reference. In the validation process, we had to compare the detected cardiac phase with the reference (ECG). The ECG signal was acquired simultaneously with the IVUS sequence. Nevertheless, there is delay between the signal, due to its characteristics, and the ECG. To minimize such delay in the validation process, there is an alignment step. The delay is discovered using cross-correlation between IVUS signal detection and ECG detection. After that, the evaluation metrics were calculated. The used metrics were true positive and false positive rates and phase detection precision. True positive (TP) is the rate between the detected beats among true occurrences in the search interval of ±233ms. This search window indicates that we expect similarities in the images, especially in diastolic long period of lower movement. And false positive (FP) is the rate of unexpected detected beats. The phase detection precision is the time distance between a true detection and its reference.
RESULTS
Firstly, we present the results from simulation. We can observe on table 2 that the experiments had in average more than 95.0% of true positive rate. A t-student test (table 3) showed no significant statistical difference, regarding to phase detectability, between three image-based signal approaches: AID, CC and MI. Detectability using AI signal presented significant statistical differences to other signals, and had greater TP rate concerning simulated images. In table 4 , we observe that the false positive rates were less than 2.3%. This represents an important result because FP rate is low. Having a false positive could be more deleterious to final result as it represents inappropriate frame selection to build a cardiac phase sequence. The third metric is the phase detection precision, which we can observe in table 5. Then, within the true positives detected, the mean distance between the reference and detected is approximately 11ms and standard deviation of 60ms (or 2 frames). Table 5 . Phase detection precision (mean and standard deviation) for the simulated cases.
For the real examination tested, we have the following results in table 6. Best detection results were on the CC and MI signals (97.4% of TP). We also got a low false positive rate of 2.5%. The mean distance between the reference and detected is not higher than 40ms (1 frame) and standard deviation of 70ms (or 2 frames). In figure 7 , we can see the image result from cardiac phase detection. We resample the original image according to detected frames in MI signal. 
DISCUSSION AND CONCLUSIONS
This work introduced the use of mutual information and a methodology based on wavelet filter. Our method, applied to the simulated images, provided robust results as it comprehends different contrasts, patient characteristics and speckle noise variations. We achieved more than 95.0% of true positives and less than 2.3% of false positives, for all signals in the simulations. Similar results were achieved in the real IVUS examination, 97.4% of true positives (CC and MI) and 2.5% of false positives. In simulated images, the AI signal showed overall greater TP rates compared to AID, CC and MI. However, when we move to the real IVUS examination, it is no longer true, as MI and CC achieved greater TP rates (97.4%). This AI performance was also noticed in Hui Zhu work [4] . The phase detection precision of the heartbeats was in average between -17ms and 40ms and standard deviation between 57ms and 76ms. In diastolic period, we can neglect the observed difference in phase detection precision because we expect a long period of small movements. If we are interested in the systolic phase, further investigations should be taken.
The methodology is independent from any settings such as thresholds or initialization parameters. It presents a robust performance within normal physiological limits of heart beat rate and variability. Another important thing is that we can make the method be independent from image acquisition frequency if we change the level of wavelet filter decomposition, for example, for 10 frames/s acquisition frequency, three levels of decomposition would be able to filter the signal. In our method, we used the daubechies wavelet family. Nevertheless, other families could also be used.
For future work, we could study information about the signal morphology from the IVUS sequence and its relationship with cardiac phase (i.e. systole). Besides, methodology should be tested in a wider range of IVUS examinations.
A method that is able to detect images that belong to the same cardiac phase is important not only to minimize saw-tooth artifact, it might also be important to make dynamic studies of the coronaries (i.e. contractility, tridimensional reconstruction, vessel wall variability in a cardiac cycle). For the moment, we can only study static IVUS examination. And as IVUS databases have no ECG records, it is important to have a cardiac phase detection method based only on IVUS images.
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